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Correct cellular patterning is central to tissue morphogenesis, but the role of epithelial junctions in this process is not well-understood. The
Drosophila pupal eye provides a sensitive and accessible model for testing the role of junction-associated proteins in cells that undergo dynamic
and coordinated movements during development. Mutations in polychaetoid (pyd), the Drosophila homologue of Zonula Occludens-1, are
characterized by two phenotypes visible in the adult fly: increased sensory bristle number and the formation of a rough eye produced by poorly
arranged ommatidia. We found that Pyd was localized to the adherens junction in cells of the developing pupal retina. Reducing Pyd function in the
pupal eye resulted in mis-patterning of the interommatidial cells and a failure to consistently switch cone cell contacts from an anterior–posterior to
an equatorial–polar orientation. Levels of Roughest, DE-Cadherin and several other adherens junction-associated proteins were increased at the
membrane when Pyd protein was reduced. Further, both over-expression and mutations in several junction-associated proteins greatly enhanced the
patterning defects caused by reduction of Pyd. Our results suggest that Pyd modulates adherens junction strength and Roughest-mediated
preferential cell adhesion.
Published by Elsevier Inc.Keywords: Adhesion; Pyd; Polychaetoid; Eye; Epithelia; PatterningIntroduction
Epithelial morphogenesis and tissue patterning are critical
aspects of animal development. In particular, regulation of cell
adhesion and cell–cell junctions plays a key role in maintaining
tissue integrity and function (Aijaz et al., 2006; Gumbiner,
2005; Lecuit and Wieschaus, 2002; Muller, 2000; Schock and
Perrimon, 2002; Tepass et al., 2001). Nevertheless, the mecha-
nisms by which junctions and junction-associated molecules
operate during epithelial morphogenesis remains poorly under-
stood. We use the Drosophila pupal retina to analyze the role of
Polychaetoid (Pyd), the Drosophila orthologue of Zonula
Occludens-1 (ZO-1), during reorganization and patterning of a
developing epithelium.⁎ Corresponding author.
E-mail address: Ross.Cagan@mssm.edu (R.L. Cagan).
1 Current address: Department of Developmental and Regenerative Biology,
Mount Sinai Medical School, One Gustave L. Levy Place, New York, NY
10029, USA.
0012-1606/$ - see front matter. Published by Elsevier Inc.
doi:10.1016/j.ydbio.2008.02.022ZO-1 is a member of the MaGUK (membrane-associated
guanylate kinase) family of proteins. MaGUK proteins act as
protein scaffolds by coordinating protein interactions through
PDZ (PSD-95, Discs-large, ZO-1) domains, an SH3 domain,
and an inactive guanylate kinase (GuK) domain (Gonzalez-
Mariscal et al., 2000). MaGUK family members have been
implicated in a wide variety of morphogenetic and develop-
mental processes including the regulation of synaptic plasticity,
renal glomerular filtration, vulval induction in C. elegans and
control of cell overgrowth (Ehrlich et al., 2007; Funke et al.,
2005; Gonzalez-Mariscal et al., 2000; Kaech et al., 1998;
Schnabel et al., 1990; Tejedor et al., 1997; Woods et al., 1996).
ZO-1 is found at tight junctions in epithelial cells but associates
with cadherin-based adherens junctions (AJs) both in non-
epithelial cells and before mature junctions are fully formed
(Imamura et al., 1999; Itoh et al., 1993, 1997; Rajasekaran et al.,
1996). The role of ZO-1 at the AJ is not well-understood, in part
because it is likely to be functionally redundant with two other
related proteins, ZO-2 and ZO-3 (Haskins et al., 1998; Ike-
nouchi et al., 2007; Itoh et al., 1999a,b; Umeda et al., 2004,
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plays a role in eye development, specification of sensory organ
precursors, dorsal closure and tracheal development (Chen
et al., 1996; Jung et al., 2006; Takahashi et al., 1998; Takahisa
et al., 1996; Wei and Ellis, 2001). Pyd localizes strongly to sites
of cell junctions in both embryos and imaginal discs (Wei and
Ellis, 2001) and has been proposed to act in the dynamic
remodeling of the cytoskeleton (Takahashi et al., 1998).
Cells within the developing pupal eye undergo a coordinated
series of movements that lead to precise patterning of the epi-
thelium (Cagan, 1993; Cagan and Ready, 1989; Ready et al.,
1976). These movements are directed by the cell adhesion
molecule Roughest: reducing roughest activity leads to ectopic
cells that fail to move properly within the epithelium, while
artificially high levels of Roughest direct cells to expand their
contacts with neighboring cells (Bao and Cagan, 2005; Reiter
et al., 1996;Wolff and Ready, 1991) (D. Larson and R. Cagan, in
preparation). Roughest has, in turn, been linked to the AJ protein
Drosophila E-Cadherin (DE-Cadherin) (Bao and Cagan, 2005;
Grzeschik and Knust, 2005; Tepass and Harris, 2007). Similar to
its vertebrate orthologue E-Cadherin, DE-Cadherin binds homo-
philically across adjacent cell membranes to form the core of the
AJ and associates with a complex of proteins that includes β-
Catenin, α-Catenin, and p120-Catenin (Gumbiner, 2005). Verte-
brate E-Cadherin has also been proposed to link to the actin
cytoskeleton through direct or indirect association with α-
Catenin and ZO-1 (Itoh et al., 1997; Rimm et al., 1995;Weis and
Nelson, 2006). Although many of the molecular effectors have
been identified, we only poorly understand how the dynamic
regulation of the AJ contributes tomorphogenesis and patterning
in situ.
Here, we demonstrate that Pyd is required for patterning the
pupal retina. Decreasing Pyd activity leads to defects in the
patterning of two classes of support cells within the pupal eye,
‘interommatidial precursor cells’ (IPCs) and glial-like ‘cone
cells’. Both phenotypes have been previously associated with
changes in cell–cell adhesion. We present evidence indicating
that Pyd is found specifically at the AJ, regulates a core group of
junctional proteins, and is functionally linked to the adhesion
molecule Roughest. Our data support a role for Pyd in the
modulation of adhesion and in pattern formation during pupal
retinal development.
Materials and methods
Fly lines
All crosses and staging took place at 25 °C unless otherwise noted. Wild-
type Canton-S (CS), GMR-Gal4, shg-lacZ and Df(3R)-XT103 lines were from
the Bloomington Drosophila Stock Center. The following fly lines were used in
this study: pyd1 (Chen et al., 1996; Phillis et al., 1993); pydtam1 (Takahisa et al.,
1996); pydC5 (Chen et al., 1996; Jung et al., 2006; Takahisa et al., 1996); UAS-
roughest (Reiter et al., 1996); hs-pyd-RB (hs-tam1-F424) (Takahisa et al., 1996);
UAS-de-cadherin-GFP (UAS-DEFL)(Oda and Tsukita, 1999); UAS-α-catenin-
GFP (Oda and Tsukita, 1999); shgR69 (Godt and Tepass, 1998); shg1H (Tepass
et al., 1996); UAS-tkv-RNAi (Cordero et al., 2007); tkv8 and mad12 lines were
provided by Laurel Rafferty; rstCT, a C-terminal truncation mutant of the IrreC-
Rst protein, was provided by Karl Fischbach (Wolff and Ready, 1991); scal-
loped-Gal4 was provided by Sarah Bray; the GMR-flp; n-cadM12, FRT42D,shgR69/CyO (y+) line and the GMR-flp; n-cadM19, FRT42D/CyO (y+) line by the
Carthew lab (Hayashi and Carthew, 2004); FRT40A, n-cadM19 (Iwai et al.,
1997). The rst3 line was as described (Tanenbaum et al., 2000). The pydtex1 and
pydtex2 were generated by Δ2–3 mediated imprecise excision of pydtam1.
Heat shock over-expression and clonal analysis
Control CS or hs-pyd-RB pupae were placed at 37 °C for 15 min at 17 h APF
and then dissected at 41–42 h APF. Discrete shg1H or n-cadM19 clones were
generated by FRT-mediated recombination (Golic and Lindquist, 1989; Xu and
Rubin, 1993) larvae were heat-shocked for 25 min at 37 °C either 72 h after egg
laying (AEL) in the case of n-cadM19 clones or as 3rd instar larvae for shg1H
clones. Flp-out clones of UAS transgenes were generated by heat-shocking
larvae for 18 min at 37 °C at 48–72 h AEL to induce FRT-mediated excision of
the following stop cassette: actNstop, y+Ngal4, UAS-lacZ (FlyBase stock
#4410; Ito et al., 1997). Clonal analysis was done in flies of the following
genotypes: i.) FRTG13, shg1H/CyO; ii.) FRT40A, n-cadM19/SM6-TM6b; iii.)
hsflp; UAS-pyd-RNAi; iv.) hsflp; UAS-pyd-RFP; v.) hs-flp; UAS-pydNT-RFP;
vi.) hs-flp; UAS-pydCT-RFP; vii.) hs-flp; UAS-roughest/SM6-TM6b; (viii.) hs-
flp; UAS-de-cadherin-GFP; (ix.) hs-flp; UAS-α-catenin-GFP; (x.) hs-flp; shg-
lacZ; UAS-pyd-RNAi/S-T.
In situ hybridization and antibody production
Digoxin-labeled full-length pyd-RB RNA probes were synthesized from a
tam cDNA plasmid provided by Ryu Ueda (Takahisa et al., 1996). 25 h APF
pupal retinas were dissected in RNAse-free conditions and processed as pre-
viously described (Bao and Cagan, 2005).
A fragment of Pyd was PCR-amplified using primers to a region from
2605 bp to 3156 bp of pyd-RB using the tam cDNA plasmid. The PCR fragment
was cloned into a GST expression vector (pGex2T). The GST-Pyd2605–3156 pep-
tide was generated and used to raise rabbit polyclonal antibodies by Proteintech
Group, Inc.
Immmunohistochemistry and SEM
Dissection and immunohistochemistry of pupal eye discs were performed as
previously described (Bao and Cagan, 2005). Retinas were imaged using a Zeiss
Axiophot epifluorescence microscope with a Quantix CCD camera (Photo-
metrics, Ltd) and Image Pro Plus software or a Leica TCS confocal microscope.
Images were processed with Adobe Photoshop.
The following antibodies were used: rabbit anti-Pyd (1:1000 tissue, this
work); mouse anti-Armadillo N2 7A1 (1:3) (Riggleman et al., 1990); mouse
anti-Rst MAb24A5.1 (1:50) (Schneider et al., 1995); rat anti-DCAD2 (1:10
tissue; DSHB) (Oda et al., 1994); rat anti-DCAD1 (1:100 Western) (Oda et al.,
1994); rat anti-DCAT1 (1:10 tissue; DSHB) (Oda et al., 1993); mouse anti-Discs
Large 4F3E2 (1:50; DSHB) (Parnas et al., 2001); mouse anti-β-gal (1:100; J.
Sanes); rabbit anti-pMad (1:5000; Tetsuya Tabata); rhodamine–phalloidin
(1:50; Molecular Probes); rat anti-Par6 (1:250) (Rolls et al., 2003); rabbit anti-
Echinoid (1:1000) (Rawlins et al., 2003); Alexa568, Alexa488 or Alexa 594-
conjugated secondary antibodies (Molecular Probes); Cy5-conjugated second-
ary antibodies (Jackson Laboratories).
For SEM, flies were frozen at −80 °C for 20 min and then processed for
viewing as previously described (Cordero et al., 2007). Images were captured
using a Hitachi S-2600H scanning electron microscope.
Construction of RNAi lines
RNAi constructs were cloned as inverted repeats as previously described
(Bao and Cagan, 2006). UAS-pyd-RNAi1 targets a 519 bp fragment beginning
13 bp after the start codon of pyd-RB while UAS-pyd-RNAi3 targets a 519 bp
fragment beginning 2662 bp after the start codon of pyd-RB. UAS-α-Cat-RNAi1
targets a 451 bp fragment beginning 540 bp after the start codon while UAS-α-
cat-RNAi3 targets a 538 bp fragment starting 2062 bp after the start codon.UAS-
DE-Cad-RNAi targets a 518 bp fragment starting 1804 bp after the start codon.
These and all other constructs were either injected in our lab or by Rainbow
Transgenics, Inc.
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Efficacy of the pyd-RNAi transgenes was verified by QRT-PCR analysis of
cDNA derived from L3 larvae expressing daNpyd-RNAi transgene. Analysis
was performed using the MyiQ™ RT-PCR detection system with BioRad
software and the Absolute SYBR Green ROX Mix (ABGene) with the primer
sets GCAAGTCAACGATCGGATAA (5′/531) and CCTGCAGCAT-
TAATGGGATT (3′/680); TTCTCCGATAGCATTTCCAA (5′/2152) and
TGCAGTGGAGTCGAAAACTT (3′/2306); and TATCCCTGCAGCAACTG-
GAT (5′/1373) and AATTGCCTGCGAGAGCTGTA (3′/1514). Two primer
sets recognizing rp49 were used as controls. Melting curve analysis showed a
single peak for all samples. Products were confirmed by restriction digest
analysis.
Construction of pyd-RFP lines
Full-length pyd-PB, an N-terminal fragment of pyd-PB (comprising the 3
PDZ domains and associated regions from aa 1–489) and a C-terminal fragment
of pyd-PB (the SH3 domain onward: aa 494–1371) were amplified from the tam
cDNA plasmid and inserted into a C-terminal mRFP-pUAST vector (generated
by amplifying mRFP (DsRed) from pRSETB-mRFP1 (Robert Campbell,
UCSD) using primers that introduced AvrII and NheI sites; the PCR product
was ligated into pUAST destroying the XbaI site). pydexon6− was cloned in two
pieces from the tam cDNA plasmid and includes one amino acid change from
pyd-PC, substituting a lysine for arginine residue at aa790.
In vivo imaging
In vivo imaging was performed as previously described (Cordero et al.,
2007; Vidal et al., 2006). Pupae were raised at 25 °C. Retinas were imaged
every 15 min using a Zeiss Axiophot microscope equipped with a Xenon bulb.
Images were processed and assembled as a composite picture using Adobe
Photoshop and Quicktime. The following genotypes were imaged: (1.) GMR-
Gal4, UAS-α-catenin-GFP/+ and (2.) GMR-Gal4, UAS-α-catenin-GFP/UAS-
pyd-RNAi3.
Western blot analysis
6–10 retinas were dissected in PBS+protease inhibitors (Roche) and
processed using standard SDS-PAGE, Western transfer and immunodetection.
Counting IPCs per hexagon
IPCs were quantified by drawing a hexagon with vertices at the center of six
ommatidia surrounding a central ommatidium. IPCs were counted within the
area bounded by this hexagon.Results
Pyd protein localizes to the AJ in the Drosophila pupal retina
The Drosophila compound eye is composed of approxi-
mately 750 evenly spaced unit eyes known as ‘ommatidia’. The
ommatidial core is established during late larval and early pupal
stages and consists of eight underlying photoreceptors, four
glial-like cone cells, and two primary pigment cells (1°s) that
enwrap the cone cells (Figs. 1A–D). Surrounding each omma-
tidium are additional support cells collectively known as se-
condary and tertiary pigment cells (2°/3°s), which organize to
form a precise hexagonal pattern at the apical surface (Fig. 1D).
2°/3°s emerge from ‘interommatidial precursor cells’ (IPCs).
Patterning of IPCs involves their dynamic sorting by a process
of cell intercalation (Figs. 1A, B); changes in cell shape and cellpositioning progressively refine the hexagonal array while ex-
cess IPCs are eliminated by programmed cell death (Brachmann
and Cagan, 2003; Monserrate and Brachmann, 2007; Rusconi et
al., 2000). From the pool of IPCs, six secondary pigment cells
(2°s) elongate to form the sides of the hexagonal lattice while
three of the IPCs become tertiary pigment cells (3°s) and lie at
each vertex of the hexagon; the tertiary position is typically the
last to be resolved (Fig. 1D) (Cagan, 1993; Cagan and Ready,
1989; Ready et al., 1976).
During our search for new effectors of patterning we iden-
tified pyd as required for proper 2°/3° assembly. In situ hybrid-
ization detected high levels of pydmRNA in cones and IPCs and
lower levels in 1°s at 25 h after puparium formation (APF; Fig.
1E). We generated an antibody directed to a region C-terminal to
the GuK domain (amino acids 869–1052 of Pyd-PB) that is
shared by all potential isoforms except Pyd-PE (Suppl. Fig.
S1A). Antibody staining demonstrated localization of Pyd
protein to apical regions of the IPCs, 1°s, and cone cells, where it
co-localizedwith markers of the AJs, includingDE-Cadherin,β-
Catenin andα-Catenin (Figs. 2A–L′ and data not shown) as well
as with the cell adhesion molecule Roughest (Figs. 2M, M″).
Lower levels of Pyd antibody staining were observed along the
basolateral membrane, overlapping partially with the septate
junction marker Discs Large (Figs. 2C, G and K), and in the
axons leaving the eye (data not shown). Although Pyd was pre-
sent around the entire cell circumference, it was strongly en-
riched in regions where three or more cells contacted (“tricellular
junctions”; Fig. 2N). This localization mirrored a similar accu-
mulation described for Tricellulin, a tight junction-related
protein that directly interacts with ZO-1 in mammals (Ikenouchi
et al., 2005; Riazuddin et al., 2006).
Polychaetoid is required for patterning the Drosophila pupal
retina
The allele pydC5 (reported as a null allele; Jung et al., 2006)
and the hypomorphic alleles pyd1 and pydtam1 failed to show
significant reduction in Pyd staining (data not shown) and ex-
hibited little or no phenotypic defects. In particular, no signi-
ficant bristle or eye phenotypes were observed in homozygotes
of several independent strains of pydC5; these strains were out-
crossed by others (Jung et al., 2006) and us to remove back-
ground mutations. Therefore, we utilized imprecise excision of
the pydtam1 P-element to recover two semi-viable fly lines
(pydtex1 and pydtex2); both exhibited ectopic thoracic bristles
and a mildly rough eye (Supp Figs. S1F, G and data not shown).
pydtex1 contains a deletion of at least the first three exons of Pyd-
PB but leaves at least exon 7 intact (data not shown). The
pydtex2 allele contains a smaller deletion, though this allele (i)
generated more severe phenotypic defects and (ii) exhibited less
Pyd protein in homozygous mutant tissue compared to pydtex1
(data not shown). We also generated transgenic lines containing
targeted RNA-interference (see Materials and methods): UAS-
pyd-RNAi1 targets an N-terminal region common to all pre-
dicted isoforms of pyd while UAS-pyd-RNAi3 targets four of
five predicted transcripts (Fig. S1A). QRT-PCR confirmed re-
duced pyd transcript levels (see Materials and methods).
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almost no detectable Pyd protein (Figs. 1F, F′). Significantly,
targeted expression of either UAS-pyd-RNAi produced both a
mildly rough eye and ectopic thoracic bristles (Figs. 1M–N′;
Supp Fig. S1).
The phenotype of pydtex1 in the pupal eye was similar–
though somewhat milder–to that of GMRNpyd-RNAi (Fig. 1L).
Consistent with this observation, residual antibody staining waspresent especially in the basolateral membrane, indicating that
at least some protein was produced (data not shown). Due to
pydtex1’s residual protein and the potential for a neomorphic
gene product, we utilized UAS-pyd-RNAi3 for all subsequent
loss-of-function analyses except where noted.
Expression ofUAS-pyd-RNAi in the pupal retina with the eye
specific promoter GMR-Gal4 (GMRNpyd-RNAi) led to con-
sistent IPC patterning errors. For example, three cells were
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and I); normally a single cell is found in this position (Fig. 1D).
There was a mild increase in the total number of IPCs surroun-
ding each ommatidium, especially around the bristles (GMRN
pyd-RNAi3: 13.4±1.4S.D., n=37 hexagons vs. GMRNpyd-
RNAi3: 12.8±1.2, n=83 vs. control GMRNGFP: 12.3±0.8
n=50). IPCs were poorly placed, resulting in breakdown of the
hexagonal pattern to pentagonal or squared ommatidial arrays
(Figs. 1H and I). Similar defects were observed with pyd-RNAi
targeted predominantly to IPCs (54Npyd-RNAi; Figs. 1J, K);
expressing pyd-RNAi in clonal patches in the eye resulted in
patterning defects almost exclusively within the clone (data not
shown), also indicating that Pyd is required locally for
patterning of the pupal IPCs.
The integrity of the 1°/1° interface was occasionally (1.6%,
n=1975 ommatidia vs. control GMRNGFP: 0%, n=1514) dis-
rupted by an IPC that made direct contact with the cone cells,
hereafter referred to as IPC cone-contact cells (Figs. 1H and I).
The number of cone cells in each ommatidium was only oc-
casionally altered, but we frequently observed incorrect contacts
within a cone cell quartet. During normal development, the
anterior and posterior (A/P) cone cell membranes initially con-
tact one another but, between 22 and 28 h APF, the equatorial
and polar (E/P) cone cells reach across to contact and exclude
the A/P cones. In pyd-RNAi retinas, the cone cells occasionally
(8.1%, n=1975 ommatidia vs. GMRNGFP: 0.1%, n=1514)
failed to execute this shift in contacts (Fig. 1I).
Over-expression of Pyd-RB is associated with patterning errors
Ectopic Pyd expression (Takahisa et al., 1996) during early
pupal development led to mild IPC patterning errors similar to
those observed with pyd-RNAi expression (Fig. 2O). The
contribution of the various protein interaction domains of Pyd
to its function is not well understood, although exon 6 has been
implicated in targeting to the AJ (Wei and Ellis, 2001). We ge-
nerated four different C-terminal-tagged RFP constructs (Supp.
Fig. S3A). Expression of UAS-pyd-RFP or UAS-pydexon6–-RFP
(lacking exon six; see Materials and methods) with an eye-
specific driver (GMRNpyd-RFP) led to a broad palate of defects
in IPC patterning (Fig. 2P); the effects of GMR–pydexon6–-RFP
expression were, in general, more severe (Fig. 2Q). Both
Pyd-RFP and Pyd exon6–-RFP localized to the AJ, althoughFig. 1. pyd regulates patterning of IPCs. Apical cell profiles were detected with ant
indicated. Anterior is to the right in this and all subsequent images. (A–D) Normal de
green) into a hexagonal lattice. Between 18 and 24 h APF, cell intercalation narrows th
sides of the hexagon and three 3°s at the vertices, alternating with bristles (b) (D). (E)
retinas: pyd was expressed at highest levels in IPCs and at lower levels in cone cell
clonal patches in the eye marked by GFP (F) demonstrated cell-autonomous loss of P
defects are pseudo-colored as follows: extra cells in the absence of other defects (brow
cone contact cells (blue) and a failure to specify a single 3° cell (purple). (G) Cont
resulted in far stronger IPC patterning defects. Note also the failure to switch cone
Expression of 54-Gal4, visualized with GFP, is found primarily in IPCs (inset). (K)
defects that were similar to RNAi expression; inset shows wild-type retina. (M, N) SE
an area that is shown at higher magnification in panels M′ and N′, respectively.
expressing eyes (N′) vs. control (M′).Pyd exon6–-RFP extended radially from the membrane as well
(Figs. 2P, Q, Supp Figs. S3B–E′ and data not shown).
Expression of GMRNpydNT-RFP or GMR–pydCT-RFP, com-
prising the N-terminal and C-terminal halves of the protein,
respectively, resulted in only very rare patterning defects,
although both protein fragments expressed well and localized to
the AJ (Figs. 2R, S). These results suggest that only expression
of the full-length Pyd can disrupt IPC organization.
Reducing pyd activity leads to a loss of directed movement
Utilizing live imaging techniques (Cordero et al., 2007; Vidal
et al., 2006), we observed defects in genotypically GMRNpyd-
RNAi pupal eyes as early as 20 h APF. Starting at this stage,
control cells made directed apical movements past their
neighbors, rapidly sorting into single rows so that each IPC
bridged between two adjacent 1°s (Figs. 3A–A‴; see Movie 1 in
supplementary material). GMRNpyd-RNAi cells also exhibited
local movements, indicating that the processes contributing to
dynamic cytoskeletal changes were likely intact. However, these
movements were undirected and unproductive: GMRNpyd-
RNAi cells frequently failed to undergo intercalation to create
single cell rows (Figs. 3B–B‴; see Movie 2 in supplementary
material). During later stages, wild-type cells moved dynami-
cally into and out of the 3° position (Figs. 3C–C‴; seeMovie 3 in
supplementary material); even at these later time points, pyd-
RNAi-expressing cells failed to resolve the defects in IPC pat-
terning and to pattern the 3° position (Figs. 3D–D‴; see Movie 4
in supplementary material). In summary, we found that cells
expressing pyd-RNAi were capable of cell movement but failed
to make the directed translocations necessary to pattern
correctly.
Pyd affects patterning by modulating AJ protein levels
In normal development, heterophilic interactions between
two adhesion molecules, Roughest in IPCs and Hibris in 1°s,
lead to a characteristic ‘scalloping’ that serves to maximize the
IPC/1° contact interface (Bao and Cagan, 2005). Reducing pyd
activity exaggerated this scalloping (Figs. 4F–F‴), suggesting
that reducing pyd altered Roughest-mediated adhesion between
IPCs and 1°s. Interestingly, clonal patches of cells expressing
pyd-RNAi exhibited a strong and consistent increase ini-Arm antibodies at 41–42 h APF (after puparium formation) unless otherwise
velopment of the pupal eye is marked by sorting of the IPCs (pseudo-colored in
e rows of IPCs to single file (B). The hexagon is composed of six 2°s forming the
In situ hybridization using full-length pyd-RB anti-sense probe in 25 h APF pupal
s and 1°s. Inset shows pyd-RB sense probe. (F, F′) Expression of pyd-RNAi3 in
yd antibody staining at the apical membrane (F′). (G–L) Examples of patterning
n), clustering of cells around bristles (green), pentagonal ommatidia (red), IPC-
rol GMRNGFP retinas. (H, I) GMRNpyd-RNAi1 (H) or GMRNpyd-RNAi3 (I)
–cell contacts (I; arrowhead). (J) 54NGFP retinas have no patterning defects.
54NpydRNAi exhibited errors in IPC organization. (L) pydtex1 mutant eyes had
M of control (M) and pyd-RNAi3 (N) expressing eyes. The white tracing outlines
The black line emphasizes the slightly uneven ommatidial rows in pyd-RNAi
Fig. 2. Pyd localized to AJs and its over-expression led to pupal eye patterning defects. (A–L) Apical confocal sections of wild type pupal eye were taken at 24 h APF
(A–D), 28 h APF (E–H) and 41 h APF (I–L). Anti-Pyd immunofluorescence (A, E, I) co-localized extensively with anti-DE-Cad (B, F, J) at the AJ but only overlapped
slightly with the septate junction marker Dlg (C, G, K). (D, H, L) Overlay of anti-Pyd, anti-DE-Cad and anti-Dlg. Inset panels A′–L′ are lateral projections. (M–M″)
Anti-Pyd (M) co-localized with anti-Rst (M′) at the IPC/1° interface at 28 h APF (overlay in panel M″). (N) Anti-Pyd was concentrated where three or more cells came
together (‘tricellular junctions’; green arrows). (O) 41 h APF pupal CS (inset) or hs-pyd-RB (O) eyes with a 30 min 37 °C heat-shock at 17 h APF. Notice that some
phenotypes were shared with pyd-RNAi, such as the clustering of cells around bristles (pseudo-colored green) and the failure to specify a single 3° cell (pseudo-colored
purple). Occasionally, a 2° extended to cover both the 2° and 3° niches (pseudo-colored red). (P–S) GMRNUAS-pyd-RFP expression in 42 h APF eyes; the relevant
domains of each construct are schematized (see Supp Fig. 3A). Pyd-RFP (P) localized to the AJ and directed patterning defects similar to those observed with pyd-
RNAi expression. Pydexon6–-RFP localized to the AJ and had severe cone cell and IPC defects (Q). PydNT-RFP and PydCT-RFP localized to the AJ but both rarely
exhibited patterning defects (R and S, respectively).
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Fig. 3. pyd-RNAi expressing cells failed to execute productive movements or sort appropriately. Membranes were labeled with α-Catenin-GFP. Times represent hours
APF. (A–B‴) Panels from four time points during cell intercalation for both control (A–A‴) and pyd-RNAi (B–B‴) retinas. Cells were pseudo-colored to emphasize
particular cell movements. Typically, pyd-RNAi-expressing cells failed to undergo intercalation, instead remaining in double rows. (C–D‴) Panels from four time
points during 3° cell patterning for both control (C–C‴) and pyd-RNAi (D–D‴) retinas. Control cells moved into and out of the 3° position early; by 30 h, however, one
cell had taken over the niche in most cases (green in panel C‴; bristles were pseudo-colored in orange in panels C‴ and D‴). By contrast, the pyd-RNAi-expressing
cells maintained initial contacts and, in most cases, failed to establish a single 3° (D‴).
7M.J. Seppa et al. / Developmental Biology 318 (2008) 1–16Roughest levels at 24 and 28 h APF (Fig. 4B′). Previous work
has demonstrated that directed cell movement in the pupal eye
requires DE-Cadherin and Roughest, though the relationship
between properly regulated AJs and cell–cell adhesion is
unclear (Bao and Cagan, 2005; Cordero et al., 2007; Grzeschik
and Knust, 2005; Reiter et al., 1996). Clonal pyd-RNAi patches
exhibited a similar increase in the AJ-associated proteins DE-
Cadherin, α-Catenin, and β-Catenin (Figs. 4A′, C′ and data not
shown). The levels of DE-Cadherin and Rst were similarlyincreased in tissue homozygous for pydtex1 (data not shown)
and pydtex2 (Figs. 4D, E).
This pyd-RNAi-mediated increase in DE-Cadherin and
Roughest did not reflect a general increase in AJ-localized
proteins, as Echinoid did not increase; also, the septate
junction marker Discs Large (Woods et al., 1997), the
subapical complex marker Par6 (Petronczki and Knoblich,
2001), and the underlying actin network as assessed by
phalloidin staining were unaffected (data not shown). Altering
Fig. 4. Cells with reduced Pyd exhibited increased levels of core AJ proteins at the membrane. All images were taken at 28 h APF. (A–C″) pyd-RNAi expressing cells
were marked by lack of anti-Pyd immunofluorescence (A–C). DE-Cad (A′), Rst (B′) and α-Cat (C′) levels were increased specifically at the apical membrane in cells
expressing pyd-RNAi. Overlay in panels A″–C″, respectively. (D–E″) Homozygous pydtex2 retinas also had increased levels of DE-Cad (E) and Rst (E′)— compare to
wild type tissue (D and D′). Overlay in panels D″ and E″. (F–F‴) Single 1° cell and IPC clones expressing pyd-RNAi were marked by β-gal expression (F). Anti-
Echinoid (F′) outlines the cells (overlay in panel F″). Tracing of control and pyd-RNAi expressing cells (F‴) demonstrating that scalloping of the IPC/1° boundary (e.g.,
arrowhead) was increased when cells expressed pyd-RNAi. (G–G′) DE-Cad-GFP over-expression in a patch of cells (green in panel G′) did not alter the localization or
level of anti-Rst immunofluorescence (G and magenta in panel G′). (H–H′) Rst over-expression in a patch of cells (marked by anti-β-gal; magenta in panel H′) did not
alter the localization or level of anti-DE-Cad (H and green in panel H′).
8 M.J. Seppa et al. / Developmental Biology 318 (2008) 1–16
9M.J. Seppa et al. / Developmental Biology 318 (2008) 1–16Roughest levels directly did not alter DE-Cadherin levels or
vice versa (Figs. 4G–H′), indicating Pyd affected each protein
independently. Total protein levels were unaffected as assessed
by Western blot analysis (Supp. Fig. S2A) and shotgun/de-
cadherin transcriptional reporter activity was unaffected by
pyd-RNAi expression in clones (Supp. Fig. S2B). The pyd-
RNAi phenotype was not dominantly modified by mutations in
any of several components of the endocytosis or endosome
recycling pathways including Rab4, Rab5, Rab11, Sec6, or
Hook (data not shown), suggesting that Pyd does not alter
levels of junctional proteins through a general inhibition of
endocytosis.
Expression of ectopic Pyd-RFP–but not PydNT-RFP or
PydCT-RFP–in clonal patches of cells also resulted in an
increase in the levels of Roughest (Supp Figs. S3F, F″),
suggesting that either (i) over-expressing at least one Pyd
isoform can act in a dominant negative fashion or (ii)
levels of Pyd expression require tight control. Together, our
data suggest that Pyd regulates IPC patterning at least in
part by modulating the localization or stability of key AJ
proteins.
Pyd interacts with AJ proteins to coordinate patterning
Genetic modifier tests functionally linked Pyd and compo-
nents of the AJ. The pyd-RNAi phenotype was dominantly
enhanced in the presence of one copy of a de-cadherin/shotgun
(shgR69) or roughest (rstCT or rst3) mutation; each strongly en-
hanced the buildup of IPCs around the ommatidium (Figs. 5A–
F and data not shown, quantified in 5A′–F′). A similar genetic
enhancement was observed when either Roughest or DE-
Cadherin was over-expressed in IPCs in the presence of
54Npyd-RNAi (Supp Figs. S2C, D″). In addition, the mild shg-
RNAi and rst heterozygous or homozygous phenotypes were
dominantly enhanced by pydtex1 and pydtex2 (Fig. S4 and data
not shown). The ability of both increased and decreased levels
of AJ proteins to enhance the pyd-RNAi phenotype suggests that
Pyd is involved in finely tuning regulation of junctional
proteins.
Pyd is functionally linked to the Dpp pathway
Recently, the Dpp signal transduction pathway–analogous to
the mammalian BMP2/4 pathway–has been linked to patterning
of the eye at least in part through its interactions with both DE-
Cadherin and Roughest (Cordero et al., 2007). Null alleles of
the Dpp pathway Type I receptor thickveins (tkv8) or the down-
stream target mad (mad12) dominantly enhanced the pyd-RNAi
phenotype (Figs. 5G–I and data not shown). Similarly, pyd-
RNAi expression, the pyd-overlapping deficiency Df(3R)
XT103, pydtex1 and pydtex2 enhanced a tkv-RNAi-dependent
wing vein and retinal phenotype (Figs. 5K–N, Figs. S4D–F and
data not shown) consistent with previous results genetically
linking de-cadherin/shotgun and tkv-RNAi in the wing (Cordero
et al., 2007). Expression of pyd-RNAi did not detectably affect
the level of Tkv staining; surprisingly, it also did not alter
phosphorylation of Mad, a standard readout of downstream Dppactivity (data not shown). Our results suggest that Pyd functions
with Dpp to modulate cell sorting and adhesion but in a manner
that is independent of significant changes in Dpp pathway
signaling.
Pyd alters adhesion in the cone cells
We also utilized the cone cell switching phenotype (des-
cribed above; Fig. 6A) to explore dynamic changes in cell–cell
contacts. A moderate number of GMRNpyd-RNAi cone cell
quartets failed to make the transition from A/P to E/P contacts
(Fig. 6D). Over-expression of DE-Cadherin or α-Catenin in the
pupal eye caused a very low frequency of similar errors (Figs.
6B, C) (Hayashi and Carthew, 2004). Reducing Pyd activity can
direct an increase in the AJ proteins DE-Cadherin and α-
Catenin (see Figs. 4A′ and C′), and we hypothesized that this
increase might be responsible for the GMRNpyd-RNAi cone
cell phenotype. Consistent with this model, co-expression of
GMRNpyd-RNAi and either de-cadherin or α-catenin strongly
increased the penetrance of cone cell switching defects (Figs.
6E–G).
Pyd localization to the AJ is dependent on DE-Cadherin and
α-Catenin
Apical Pyd protein became diffusely cytoplasmic in de-
cadherin/shotgun (shg1H) null 1°s and IPCs (Figs. 7A, A″ and
data not shown). The effects of removing de-cadherin/shotgun
were locally non-cell autonomous: loss of DE-Cadherin from
one cell affected Pyd staining in adjacent cells, emphasizing the
dependence of Pyd on DE-Cadherin/DE-Cadherin interactions
(Fig. 7A′). Cells expressing high ectopic levels of DE-Cadherin,
however, did not exhibit changes in the levels or localization of
Pyd (Figs. 7E, E′).
By contrast, staining of Pyd between genotypically shg
cone cells remained unaltered (Figs. 7B, B″). N-Cadherin is
found specifically at the interface between cone cells and has
been shown to act redundantly with E-Cadherin in control-
ling cone cell morphology (Hayashi and Carthew, 2004).
Clones of a null allele of n-cadherin (n-cadM19) did not
disturb Pyd localization to cone cell–cone cell junctions (Figs.
7C, C″). However, within null shg clones produced in the
background of a strong viable hypomorph of n-cadherin
(n-cadM19/n-cadM12) we frequently observed de-localization
of Pyd from the cone cell–cone cell junctions (Figs. 7D, D″).
Together these results indicate that DE-Cadherin is necessary to
tether Pyd to the AJs in IPCs and suggest that DE-Cadherin and
N-Cadherin may act redundantly to localize Pyd at the cone
cell–cone cell contacts.
Previous experiments have indicated that mammalian ZO-1
is linked to E-Cadherin at least in part through α-Catenin (Itoh
et al., 1997; Itoh et al., 1993). We generated fly lines containing
inducible α-catenin-RNAi (α-cat-RNAi) transgenes that reduced
α-Catenin protein levels in situ (see Materials and methods).
Results were confirmed with two independent RNA-interfer-
ence constructs targeting a portion of either the N- or C-
terminus, respectively. Reduction of α-Catenin activity caused
Fig. 5. pyd is functionally linked to AJ proteins involved in adhesion. (A–I) Control GMR-Gal4/shgR69 (A), rstCT/+; GMR-Gal4/+ (D) and GMR-Gal4/tkv8 retinas
exhibited few IPC patterning errors. GMRNpyd-RNAi retinas (B, E, H) had mild IPC patterning errors. GMRNpyd-RNAi defects were strongly enhanced by
removal of one functional copy of de-cad/shg (C; GMR-Gal4, pyd-RNAi/shgR69), rst (F; rstCT/+; GMR-Gal4, pyd-RNAi/+) or the Dpp pathway Type I receptor
tkv (I; GMR-Gal4, pyd-RNAi/tkv8). (J) Number of IPCs per hexagonal area (see Materials and methods) for each genotype, respectively. Error bars represent
standard deviation, N numbers are given above each bar. Brackets with stars represent statistically significant differences at pb0.001 by the Mann–Whitney U
test. (K–N) Reducing Pyd with the wing driver scalloped-Gal4 (sdNpyd-RNAi) led to no visible effect on the wing veins (K). Reducing Tkv protein levels using
scalloped-Gal4 (sdN tkv-RNAi) resulted in mild expansion of the wing vein material (L). When Pyd and Tkv were jointly reduced (sdNpyd-RNAi, tkv-RNAi) the
wing vein phenotype was strongly enhanced (M). Similarly the tkv-RNAi phenotype was greatly enhanced in pydtex heterozygotes (N). All wings are from females.
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as well as severe disruptions in patterning of IPCs, manifesting
as a ‘rough’ adult eye (Figs. 8C, D). Interestingly, localization of
all AJ components tested were similarly dependent on the pre-sence of α-Catenin, including DE-Cadherin, β-Catenin, Rough-
est and Echinoid (Figs. 8G, H, Figs. 8K, L, and data not shown).
The septate junction protein Discs Large was unaffected (Figs.
8M, N). However, expression of ectopic α-Catenin in clones in
Fig. 6. pyd regulates the A/P to E/P cone cell contact switch. (A) Between 24–28 h APF, cone cells switch their apical contacts from an anterior/posterior (A/P) to an
equatorial/polar (E/P) dominant configuration. (B–G) GMRNpyd-RNAi expression interfered with this switching, and a subset of cone cell groups maintained the
immature A/P arrangement through 42 h APF (D, arrows). Expression of either UAS-de-cad-GFP (B, arrow) or UAS-α-cat-GFP (C) during pupal development
resulted in a low level failure to switch cone–cell contacts. Expression of UAS-de-cad-GFP or UAS-α-cat-GFP strongly enhanced the pyd-RNAi cone cell switching
phenotype (arrowheads in panels E and F, respectively). Data from the relevant genotypes is quantified in panel G; error bars represent standard deviation for each eye
field, N numbers are given above each set of bars.
11M.J. Seppa et al. / Developmental Biology 318 (2008) 1–16the eye did not change the level or localization of Pyd (Figs.
7F, F′). In summary, disrupting AJs–through removal of DE-
Cadherin or α-Catenin–led Pyd protein to dissociate from
the apical membrane of IPCs and become predominantly
cytoplasmic.
Discussion
Pyd and DE-Cadherin act together to regulate patterning
Cell–cell junctions play a key role in maintaining organ
system integrity and are required for embryonic viability (Aijaz
et al., 2006; Gumbiner, 2005). In dynamically restructured
tissues such as the pupal eye, junctions and junction-associated
proteins do not simply play a permissive role in restricting cell
movement. Instead, the levels, localization and turnover of
junctional proteins appear to be tightly regulated. This dynamicinterplay between the establishment and turnover of junctions is
central to the timing and precision of the subtle movements that
direct cells into their proper niches.
Our data demonstrate that Pyd is an AJ-associated protein
that is required for patterning of the pupal lattice cells. Live
imaging of the developing eye indicates that Pyd is necessary
for the directed movements of IPCs that allow cell sorting into
defined niches. Membrane contacts are dynamically exchanged
in the pupal eye: each shift in the position of a cell requires the
removal of previous contacts and the establishment of new ones.
Pyd regulates patterning at least in part through modulating
levels of the AJ-associated proteins DE-Cadherin, β-Catenin,
and α-Catenin. Other studies have suggested that cell adhesion
is necessary both to facilitate and restrict cell movement within
the eye epithelium; the interplay between these two processes
requires tight regulation of the levels of both cell adhesion
molecules and junctional proteins (Bao and Cagan, 2005;
Fig. 7. DE-Cad is necessary for Pyd to localize to the AJ. All images taken at 28 h APF. (A–B″) Single-cell null de-cad/shotgun (shg1H) 1° clones (A, arrowhead) and
cone cell clones (B, arrow) are marked by loss of nuclear GFP expression. In isolated 1° cell clones (A), Pyd de-localized from the membranes of the adjoining IPC and
cone cells that contacted the de-cad deficient cell membrane (A′, arrowhead). Pyd was maintained at the cone/cone interface in de-cad null cone cell clones (B′,
arrow). (C, C″) Null n-cadherin (n-cadM19) clones, marked by lack of nuclear GFP (C), showed no change in Pyd localization (C′) at the cone/cone interface (arrow,
overlay in panel C″). (D–D″) Null de-cad (shgR69) single-cell clones (marked by loss of DE-Cad staining in panel D) in the background of a strong reduction in n-
cadherin (n-cadM12/n-cadM19) exhibited de-localized Pyd staining at the cone/cone interface (D′, white arrowheads). Null de-cad clones in 1°s were also observed
(orange arrrowheads). Panel D″ shows overlay. (E, E′) DE-Cad-over-expression in single cells (labeled with GFP, green in panel E′) did not alter the localization or
level of anti-Pyd immunofluorescence (E and magenta in panel E′). (F–F′)UAS-α-catenin expression in single cells (labeled with GFP, F′) did not alter the localization
or level of anti-Pyd immunofluorescence (F and magenta in panel F′).
12 M.J. Seppa et al. / Developmental Biology 318 (2008) 1–16Cordero et al., 2007; Grzeschik and Knust, 2005; Hayashi and
Carthew, 2004; Reiter et al., 1996). Our data indicate that
removal of Pyd from the AJ compromises this tightly-regulated
system and biases the cells toward poorly-directed movements,
perhaps because of dysregulation of the timing or function of
the mechanisms that control the stability of AJ proteins. This
failure in precise regulation of adhesion was also highlighted in
the inability of cone cells to exchange their membrane contacts:
the apical interfaces of pyd-RNAi expressing cone cells were
locked in place. Ectopic DE-Cadherin further increased the
percentage of ommatidia affected, again emphasizing the link
between pyd activity and the AJ.Pyd localization to the AJ is controlled by DE-Cadherin and
α-Catenin
The localization of Pyd to the AJ in the pupal eye was
dependent on both DE-Cadherin and α-Catenin. However, we
found that ectopic expression of either junctional protein was
not sufficient to alter the localization of Pyd. Taken together, our
data indicate that DE-Cadherin and α-Catenin are necessary to
build or maintain the AJ and to localize Pyd but that, in excess,
they are not sufficient to attract ectopic Pyd. This suggests that
either Pyd protein levels are not easily altered or that Pyd may
be binding to proteins other than the core AJ constituents.
Fig. 8. α-Catenin is necessary for AJ protein localization. (A, A′) SEM of control GMRNGFP adult eyes demonstrating even ommatidial rows (A) with boxed area
shown enlarged in panel A′. (B) 41 h APF pupal eye stained with anti-Discs large to mark cell membranes. Extra cell was pseudo-colored in brown. (C, C′) Reduction
of α-Catenin (GMRNα-cat-RNAi) disrupted the orderly array of ommatidial rows in the adult eye (C). C′ shows an enlargement of the boxed area C. (D) 41 h APF
pupal eye stained with anti-Discs large and pseudo-colored to show examples of patterning errors: extra cells (blue), clustering of IPCs around bristles (green), and the
failure of only one cell to occupy the 3° niche (purple). (E–N) 28 h APF pupal eyes. (E, F) GMRNα-cat-RNAi retinas showed greatly reduced levels of α-Catenin (F)
compared to GMRNGFP expressing eyes (E): the image in F represents N8-fold longer exposure than E. (G–N) Control GMRNGFP retinas visualizing DE-Cad (G),
Pyd (I), Rst (K) and Dlg (M). Expression of GMRNα-cat-RNAi in the pupal retina resulted in de-localization of DE-Cad (H), Pyd (J) and Rst (L), but no change in
anti-Dlg staining (N).
13M.J. Seppa et al. / Developmental Biology 318 (2008) 1–16Recent work demonstrated that E-Cadherin was necessary for
the initial steps of AJ formation while α-Catenin was essential
for both the establishment and maintenance of the junction; only
when α-Catenin was reduced was ZO-1 lost from established
junctions (Capaldo and Macara, 2007). Our results suggest that
in dynamically restructured tissues such as the eye, both E-
Cadherin and α-Catenin are necessary for the localization of AJ-
associated proteins.
Pyd affects Roughest, a key regulator of patterning in the pupal
eye
The immunoglobulin superfamily member Roughest is
necessary for appropriate sorting of IPCs during pupal eye
development (Reiter et al., 1996). We found that reducing Pyd
increased Roughest protein levels specifically at the AJ. Rough-
est is the Drosophila orthologue of Neph1, a cell adhesion mo-
lecule necessary for the structure and function of the glomerular
slit diaphragm in the mammalian kidney (Cagan, 2003; Dono-
viel et al., 2001). The slit diaphragm is the main size-selectivebarrier in the filtration apparatus of the kidney and retains many
characteristics of both the tight and AJ complexes from which it
was derived (Kerjaschki, 2001; Lee et al., 2006; Reiser et al.,
2000). The Hibris orthologue Nephrin also forms part of the
physical structure of the slit diaphragm and both cell adhesion
molecules have been reported to bind to each other as well as to
ZO-1 (Barletta et al., 2003; Holzman et al., 1999; Huber et al.,
2003; Kestila et al., 1998; Lehtonen et al., 2004; Putaala et al.,
2001). Perhaps ZO-1, as with Pyd, has a role in regulating the
localization or levels of cell adhesion molecules such as Neph1
and Nephrin.
Connections between DE-Cadherin and Roughest: Pyd and the
Dpp pathway
The Dpp pathway has emerged as a major contributor to
patterning of the Drosophila pupal eye. Its role requires func-
tional connections to both DE-Cadherin and Roughest. For
example, mutations in shotgun–the locus that encodes DE-
Cadherin–suppressed the roughest eye phenotype but enhanced
14 M.J. Seppa et al. / Developmental Biology 318 (2008) 1–16Dpp pathway-dependent phenotypes in the eye and wing (Cor-
dero et al., 2007). Together, these data suggest a model in which
(i) Roughest acts to promote the stability of membrane contacts
to drive directed cell movements and (ii) the Dpp pathway and
Pyd act to destabilize the adherens junction complex and local
cell contacts to allow for proper IPC sorting. Consistent with
this view, we observed that reducing pyd enhanced the effects of
reduced Dpp pathway activity in the eye and wing. Thus, Pyd
appears to act in concert with the Dpp pathway to regulate select
core components of the AJ during development.
We have shown that Pyd is required specifically for pat-
terning the interommatidial cells of the Drosophila pupal eye.
Pyd appears to regulate both cell shape and cell positioning by
controlling the levels of AJ proteins such as DE-Cadherin and
adhesion proteins such as Roughest. Thus, Pyd provides a link
between adhesion and junction formation; a further under-
standing of its role in the pupal eye will shed light on how these
processes are coordinated to generate precise cellular move-
ments during epithelial patterning.
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